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X-RAY OBSERVATIONS OF CLASSICAL AND RECURRENT NOVAE IN 

OUTBURST 

M. Orio,i'2 
RESUMEN 

El resumen sera traducido al espanol por los editores. I review X-ray observations of classical and 
recurrent novae in outburst, some of them recently done with Chandra and XMM-Newton for 12 objects. 
Significant X-ray flux is emitted by the nova shell, with a peak luminosity up to Lx=10'^^ erg s^^ in the 0.2-10 
keV range. In recurrent nova systems, or in novae hosting a red giant, the source of X-rays may be previous 
circumstellar matter shocked by the nova wind. However, for most classical novae. X-rays originate inside the 
nebula ejected in the outburst. The data indicate a very high fraction of shocked material, and a non-smooth, 
varying wind outflow. A nebular emission line spectrum is also observed at late phases. In about half of the 
observed novae, the central white dwarf appears as a very luminous supersoft X-ray source for 1 to 9 years 
after the outburst. It is the best type of object to study the characteristics of shell hydrogen burning on white 
dwarfs in single degenerate systems. Still incomplete statistics indicate that the duration of the supersoft X-ray 
phase is peaked around ~2 years. The correlation of the X-ray light curve with the nova properties is not quite 
clear. Recently, "template grating spectra" with high S/N have been obtained for V4743 Sgr. The X-ray light 
curve of this nova reveals a rich and complex power spectrum, with signatures of non-radial g-mode oscillations 
of the white dwarf. The oscillations and the spectra allow to determine the properties of the shell hydrogen 
burning white dwarf. 

ABSTRACT 

I review X-ray observations of classical and recurrent novae in outburst, some of them recently done with 
Chandra and XMM-Ncwton for 12 objects. Significant X-ray flux is emitted by the nova shell, with a peak 
luminosity up to L^^IO"^^ erg s~^ in the 0.2-10 keV range. In recurrent nova systems, or in novae hosting a 
red giant, the source of X-rays may be previous circumstellar matter shocked by the nova wind. However, for 
most classical novae. X-rays originate inside the nebula ejected in the outburst. The data indicate a very high 
fraction of shocked material, and a non-smooth, varying wind outflow. A nebular emission line spectrum is 
also observed at late phases. In about half of the observed novae, the central white dwarf appears as a very 
luminous supersoft X-ray source for 1 to 9 years after the outburst. It is the best type of object to study 
the characteristics of shell hydrogen burning on white dwarfs in single degenerate systems. Still incomplete 
statistics indicate that the duration of the supersoft X-ray phase is peaked around ~2 years. The correlation 
of the X-ray light curve with the nova properties is not quite clear. Recently, "template grating spectra" with 
high S/N have been obtained for V4743 Sgr. The X-ray light curve of this nova reveals a rich and complex 
power spectrum, with signatures of non-radial g-mode oscillations of the white dwarf. The oscillations and the 
spectra allow to determine the properties of the shell hydrogen burning white dwarf. 
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1. MECHANISMS OF X-RAY EMISSION FROM 
NOVAE 

Classical and recurrent novae are an ancient topic 
in astronomy, traditionally studied by optical as- 
tronomers. Yet, they emit in all wavelengths from 
gamma to radio, and are also an interesting sub- 
ject of study for the younger science of X-ray as- 
tronomy. Novae may emit X-rays because of four 
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different physical mechanisms: 1) Shocks in the 
ejected wind or between the ejecta and interstellar 
or circumstellar medium, which produce a thermal 
bremsstrahlung spectrum, and probably, later, ion- 
ize of the ejecta, 2) Thermal emission of the central 
white dwarf (hereafter WD) atmosphere, like in su- 
persoft X-ray sources (sec Greincr 2000), 3) Resumed 
accretion (through a disk or magnetic) for which a 
thermal bremsstrahlung spectrum is also observed, 
(see Orio et al. 2001a and references therein) 4) Fi- 
nally, X-ray flux may result from Compton degra- 
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dation produced by radioactive decays (Livio et al. 
1992). 

The third and fourth mechanism are very inter- 
esting to study the secular evolution of novae and 
their nucleosynthesis output, respectively. However, 
I will review here only the first two mechanisms, 
which are now generally known to occur in most no- 
vae. The emission originating from the nova shell 
teaches about the wind emission and the the nebu- 
lar physics, indicating electron density, plasma tem- 
peratures, and conditions of clumping and asymme- 
try in the ejecta. The atmospheric emission from 
the central WD offers instead a unique possibility to 
derive the physical parameters of an extremely hot 
white dwarf which is burning hydrogen in a shell. A 
single-degenerate binary system hosting such a WD 
is a potential type la SN progenitor. It is still a 
matter of debate whether recurrent novae are sta- 
tistically significant as type la SN progenitors, and 
we know that only few classical novae may be. How- 
ever, post-outburst nova WD are of great interest for 
type la supernova studies, because we seldom have 
the possibility to observe the atmosphere of a WD 
in these extreme conditions. In other types of su- 
persoft X-ray sources, the central WD seems to be 
often obscured by a wind outflow, or an extended 
disk corona (e.g. Cal 87 described by Greiner et al., 
and Orio et al., at this conference). 

Novae that appear as supersoft X-ray sources for 
long enough that their atmosphere is no longer to- 
tally or partially hidden by the ejecta, are therefore 
very important "templates" of shell hydrogen burn- 
ing WD. In order to assess if the WD is increasing in 
mass after each outburst and the nova we are observ- 
ing is a rare type la SN candidate, we need to verify 
that the luminous supersoft X-ray source is observed 
for a long enough time to imply a significant amount 
of hydrogen retained after each outburst, and that 
the chemical abundances do not indicate the origin 
of the burning material in the "eroded" WD inte- 
rior, rather than in the accreted matter. However, 
some classical novae, and especially recurrent novae 
(like perhaps U Sco, see Anupama and Dewangan 
2000, but also lijima 2002), may also become type 
la SN via a sub-Chandra mechanism of explosion ac- 
cumulating a thick helium buffer (sec Livio 2003, this 
conference). Since we need to know the abundances 
in the burning layer in both cases, high S/N grating 
observations are essential. 

2. THE EARLY OBSERVATIONS 

Novae in outburst were not pointed at with Bin- 
stein and previous X-ray satellites. NQ Vul and 
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Fig. 1. The emission measure measured with ROSAT at 
different post-outburst epochs for V1974 Cyg (crosses), 
V838 Her (x), and V351 Pup (asterisk). 

VI 500 Cyg were scrcndipitously observed and not 
detected (a dubious 1-cr detection is recorded for 
V1500 Cyg). Ogelman, Beuermann and Krautter 
(1984, 1987) used the Exosat LE telescope to observe 
three classical novae in outburst. An initial increase 
of X-ray flux was followed by a plateau and finally a 
decay. Despite poor S/N and spectral resolution, the 
authors suggested that the X-ray emission was due 
to the central WD. The light curve of RS Oph was 
also monitored with Exosat, but the X-rays emis- 
sion was attributed instead to the nova wind collid- 
ing with circumstellar material, previously emitted 
in a wind by the red giant companion (Mason et al. 
1987, Contini et al. 1995). 

3. THE HOT EJECTED SHELL 

Between 1989 and 1999 ROSAT was used to ob- 
serve novae in the 0.2-2.4 keV energy range, with 
moderate spectral resolution (with the PSPC) and 
5 arcsec spatial resolution (with the HRI). ROSAT 
also contributed many serendipitous observations 
thanks to the 1 degree field of view of the PSPC 
and to the all-sky-survey it performed. 3 out of 7 
Galactic and Magellanic Clouds novae were observed 
in the first 2 post-outburst years, and showed X-ray 
emission of non-atmospheric origin, "hard" in the 
ROSAT range. It was attributed to thermal emis- 
sion in the ejected shell. 2 more novae seem to have 
been hard sources although they were only observed 
with the HRI (see Orio et al. 2001a for a discus- 
sion). 2-3 years after the outburst, no correlation was 
found between hard X-ray flux and post-outburst 
time. Probably only accreting sources were still ob- 
served. 4-6 years old novae were never detected, sug- 
gesting shorter cooling times of the shells. The no- 
vae observed with EXOSAT were also re-observed. 
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GQ Mus was found to be still bright but only su- 
persoft (Ogelman et al. 1993). PW Vul had faded, 
QU Vul was detected but appeared to have become 
much fainter and it was not supersoft (Orio et al. 
2001a). Balman et al. (1998) fitted the spectrum 
of V1974 Cyg with a simple double model to disen- 
tangle the supersoft central source and the nebular 
component. They concluded that the X-ray lumi- 
nosity was L(x)=10'^^~'^^ erg at maximum and 
it decreased in time, like the emission measure in Fig. 
1. The high value of the emission measure (~ng x V), 
up to few 10^^ cm~^ at maximum, indicated a large 
amount of shocked material. In Fig. 1 I plot the 
emission measure as a function of time including spo- 
radic measurements for two other novae, V838 Her 
(Lloyd et al. 1992) and V351 Pup (Orio et al. 1996), 
that agree well with the V1494 Cyg curve. 

After V1974 Cyg, a second optically bright nova 
became extremely bright in X-rays, V382 Vel, ob- 
served in 1999-2000 with four different satellites: 
Beppo-SAX, ASCA, Rossi-XTE and Chandra. This 
nova was a hard source at 15 days post-outburst, 
with a plasma temperature kT«6 keV (Orio et al. 
2001b). The emission measure in the 0.2-10 keV 
range was a factor 10 larger than observed for V1974 
Cyg at maximum in the 0.2-2.4 keV range. There 
was an initial rise in plasma temperature, then a slow 
decay in the next two months. A luminous supersoft 
component was predominant after 6 months (Orio et 
al. 2002), but not all the supersoft X-ray flux could 
due to the central WD. The spectrum could not be 
fitted with any atmospheric model. Four months 
later, only emission lines were observed in the super- 
soft X-ray range with the Chandra-LETG grating 
(Burwitz et al. 2002). Orio et al. (2002) concluded 
that the emission lines, of nebular origin, were al- 
ready present and superimposed on the atmospheric 
continuum of the WD at the peak of the supersoft 
X-ray phase, making it difficult to disentangle the 
atmospheric component. Mukai and Ishida (2001) 
analysed observations done in the first two months 
and measured a peak luminosity L(x)~ 10^^ erg cm^. 
The emission measure in the 1-10 keV range was an 
order of magnitude higher than in the ROSAT range 
for other novae (see Fig. 1). These authors found 
constraining evidence that, like for V1974 Cyg, N(II) 
was decreasing in time and discussed how shocks 
must have occurred inside the ejecta. They con- 
cluded that the characteristics and evolution of the 
spectrum did not indicate a post-maximum wind col- 
liding with material from pre-maximum wind, but 
rather a non-smooth outflow with varying velocity, 
which may certain prove to be a challenge for the 



models. 

5 new novae observed within 2 years from the out- 
burst with Chandra and/or XMM-Ncwton showed 
non-atmosphcric X-ray emission. For a nova at 
known LMC distance (LMC 2000, Grcincr et al. 
2003) a luminosity Lx ~ 5 x 10"'^'^ erg cm~^ s~-^ 
was measured in the 0.2-10 kcV 51 days after the out- 
burst. This is important because Galactic novae dis- 
tances are often known with poor precision. The re- 
current novae IM Nor and CI Aql were X-ray sources 
without any indication of emission from the central 
star (Grciner & DiStefano 2002, Tepedelenlioglu et 
al. 2004), and 3 out of 5 novae observed with XMM- 
Ncwton 2 to 4 years post-outburst showed only non 
atmospheric emission. For V2487 Oph (1998) the X- 
ray flux is attributed to ongoing accretion (Hernanz 
& Sala 2002). My analysis or archival observations of 
V Sgr 4633 (1998) shows that the X-ray emission is 
likely to be originated in a slowly cooling shell. I also 
found that LZ Mus (1998) was not an X-ray source 3 
years after outburst, that V4444 Sgr (1999) was only 
marginally detected, and that V 1141 Sco (1997), if 
the Beppo-SAX detection was real (see Orio et al. 
2001a), must have cooled down and does not emit X 
rays 3 years later. 

An unusual obscuration of the absorption lines 
spectrum of the WD in nova V4743 Sgr, the main X- 
ray source showing an atmospheric absorption lines 
spectrum, was recently observed for in V4743 Sgr 
and revealed the emission like spectrum of a less 
luminous source (Ness et al. 2003). Like for the 
last observations of V382 Vel, this second source is 
most likely of nebular origin (either due to shocks or 
photoionization by the central source, see Greiner et 
al. 2003 for a discussion). This observation poses 
a doubt as to whether we can discriminate between 
wind and WD atmosphere with a CCD-type detec- 
tor, when they are superimposed and at a stage 
of comparable luminosity. For V4743 Sgr we were 
lucky, because the emission lines source was observed 
to be much less bright then the central source (Ness 
et al. 2003), but this is not always so at any epoch 
for any nova. The evolution of the two sources of soft 
X-rays, the nebula and the WD, may have a peak in 
luminosity around the same time. Spatially resolving 
the shell is not a realistic goal in most cases, because 
the angular diameter of the shell at typical nova dis- 
tance d>l kpc is mostly <1 arcsec in the first two 
years. With CCD-like instruments, deriving the WD 
parameters may be impossible because we do not re- 
solve in the spectrum the nebular emission lines but 
only observe a composite "pseudo-continuum" . 
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TABLE 1 

TIME TO REACH SUPERSOFT X-RAY 
MAXIMUM (Tsoft) AND CONSTANT 
BOLOMETRIC LUMINOSITY PHASE LENGTH 
(Tbol) for classical AND RECURRENT 
NOVAE 



NOVA 


Tsoft 


Tbol 


GQ Mus 




9-10 years 


V1974 Cyg 


434-511 days 


2-3 years 


V382 Vel 


59< t <184 days 


<265 days 


V1494 Aql 


180-210 days 


2.5-3 years 


V4743 Sgr 


120-180 days 




N LMC 1995 


>7 months 


6< t <8 years 


N in M31 


< 11 months 


2-2.5 years 


N LMC 2000 


< 51 days 


<51 days 


U Sco 


~ 20 days 




IM Nor 


30< t <150 days 




CI Aql 


<16 months 


< 16 months 



4. THE SUPERSOFT CENTRAL X-RAY 
SOURCE 

In Table 1 I show a range of time to reach maxi- 
mum in supersoft X-rays and the duration of the su- 
persoft X-ray phase (which is also the length of the 
whole constant bolometric luminosity phase). I have 
found no clear correlation of the times in the table 
with the parameters used to classify novae, like t(3) 
(the time for a decay by 3 magnitudes in optical). 
In Greiner et al. (2003) we explain the length of the 
constant bolometric luminosity phase in terms of the 
complex interplay between the leftover mass (differ- 
ence between the mass necessary to ignite the nova 
flash, which is a function of the WD mass M(WD) 
and mass transfer rate rii . in turn dependent on the 
orbital period, and the ejected mass M(ej)) and the 
minimum mass necessary for thermonuclear burn- 
ing to continue (a function of M(WD)). However, 
M(WD) is normally unknown and be inferred from 
a theoretical correlation with t(3), but other factors 
also effect t(3). M(ej) is only roughly estimated in 
the literature, with huge error bars. It is still difficult 
to predict clearly how often, and why, novae retain 
part of the accreted envelope or eject instead more 
material, namely even WD material. In my opinion, 
the situation is in still confusing and we cannot yet 
make statistically significantly predictions concern- 
ing the end product of nova evolution. 

The last three lines of Table 1 show in fact the 
results known on recurrent novae (RN). U Sco, a 
very fast RN, was observed to be a supersoft X-ray 



source only 20 days after maximum, and it was not 
observed again (Kahabka et al. 1999). The optical 
evolution of CI Aql was significantly slower than the 
one of U Sco, and for this reason Greiner & DiSte- 
fano (2002) proposed to observe it only 16 months 
after the outburst, expecting an X-ray light curve 
like V1474 Cyg, however the supersoft X-ray source 
was not detected. IM Nor, another RN which shares 
many physical characteristics with CI Aql, was ob- 
served with Chandra twice, at much earlier epochs, 1 
and 6 months post-outburst. Given t(3) of the same 
order of magnitude as CI Aql but a much shorter 
orbital period (which most likely indicates higher ih 
and lower envelope mass necessary to trigger the out- 
burst) , IM Nor was expected to turn into a supersoft 
X-ray source within only half a year. Optical obser- 
vations showed that the envelope became optically 
thin (Tcpcdelenlioglu et al., 2004, in preparation). 
However, the result was negative again. Most mod- 
els foresee that sufficient hydrogen to burn is left 
over on the WD of RN. RN are thus type la SN 
candidates, because the WD is initially massive, and 
it grows towards the Chandrasekhar mass after re- 
peated outbursts. However, the non-detection in su- 
persoft X-rays indicates that RN remain a puzzle. 
Was CI Aql observed too late and did IM Nor ap- 
pear as a supersoft X-ray source only for a short time 
between the two observations? Perhaps we will have 
to conclude that the WD mass does not grow, but 
more statistics and more frequent sampling of RN 
light curves are necessary. 

V1974 Cyg, observed with ROSAT in 1992-1993, 
proved that Galactic novae can be the brightest 
supersoft X-ray sources, and actually some of the 
brightest among all X-ray sources. Two novae ob- 
served with ROSAT and other satellites as supersoft 
X-ray sources for longer than others: GQ Mus and 
N LMC 1995. N LMC 1995 was observed again with 
XMM-Newton and still observed as a supersoft X-ray 
source 6 years after the outburst (Orio et al. 2003). 
Atmospheric models did fit the observed X-ray spec- 
trum, apparently not obscured any more, even par- 
tially, by nebular emission. However, this nova was 
not sufficiently bright for grating spectra, so impor- 
tant parameters remained unconstrained. A recent 
follow up observation with XMM-Newton (Orio et 
al. 2004, in preparation) showed that the supersoft 
X-ray source however almost faded after 8 years. 

We still have only small number statistics, but 
TOO observation done with Chandra by a large 
international collaboration indicate that probably 
about half of all novae turn into super-bright sources, 
at least as luminous as V1974 Cyg, for a few months. 
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We do not know whether the supersoft X-ray source 
phase is extremely short hved in other novae or does 
not occur. The Ught curves of V382 Vel, V1494 Aql 
and V4743 Sgr show intense variabihty that is not 
clearly understood. For V382 Vel, there were short 
obscurations (Orio ct al. 2002). In the case of V1494 
Aql a flare was observed, which lasted for about 20 
minutes. The count rate increased by a factor of 10. 
V4743 Sgr (see also Krautter 2003, this conference) 
a bright nova that reached V(max)=5 on Septem- 
ber 20 2002, was observed in X-rays in November 
of 2002 (with Chandra ACIS-S), on March 20 2003 
(with Chandra LETG+HRC), in April 4 2003 (with 
XMM-Newton), and in June and September of 2003 
(again with Chandra LETG+HRC.) The nova had 
flared up by March 2003: at the time of the sec- 
ond observation, for 3.6 hours the count rate was 
an astonishing 40 cts with the LETG, until the 
obscuration mentioned in Section 3 started. This 
dramatic fading was no longer detected in April, 
July and September, although it April the observa- 
tion was longer than the optical period, so an eclipse 
seems to be ruled out. 

The most interesting discovery in the nova X- 
ray light curves are the non-radial oscillations of the 
WD, first proposed to explain the power spectrum 
of V1494 Aql (Drake et al. 2002) and then ob- 
served, I dare say beyond doubts, for V4743 Sgr. 
In Leibowitz et al. (2003), we discuss the power 
spectrum of this nova. The two highest peaks cor- 
respond to the nearby periodicities 1308 and 1374 s, 
respectively. A 1325 s period detected in the March 
Chandra light curve (Ness et al. 2003), may be due 
to the interference of these two periods. While the 
1308 s period has a sinusoidal structure, the 1374 s is 
not symmetric. Its first overtone also appears in the 
power spectrum, but it is energy dependent and al- 
most disappears in the light curve is extracted in the 
energy range 0.2-0.4 keV (see Fig. 7 in Leibowitz et 
al. 2003). In addition there are many more period- 
icities, as it is true for pulsating PG1059 stars and 
WD in general. The rich power spectrum, shown 
in Fig. 4 in Leibowitz ct al. (2003), appeared to 
change somewhat in the subsequent observations in 
the summer of 2003. 

Blue-shifted absorption features corresponding to 
high ionization states appear in both the Chandra 
and XMM-Ncwton spectra. While the velocity was 
~2400 km/s in March spectrum, absorption features 
with lower velocity are also identified in the April 
XMM-Newton spectrum. The blue shift seems to 
indicate that the nova wind starts at the very base 
of the WD atmosphere. In addition to the absorp- 



tion features, some of the emission features due to 
the nebula can be distinguished as they are superim- 
posed on the atmospheric spectrum. A preliminary 
analysis of the XMM-RGS spectra of April of 2003 
indicates that carbon was not very abundant, that 
the effective temperature was TR:i450000 K, and that 
effective gravity was g< 10^ cm s~^. 

The non radial WD pulsations may prove to be 
an additional and important way to derive WD pa- 
rameters. If we succeed in developing detailed mod- 
els, these oscillations, which are easily detectable in 
the X-ray light curve, are a promising possibility to 
probe T, g and the abundances of the WD, other 
than by using WD atmospheric models, thus yield- 
ing independent means to derive these parameters. 
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